Lactate and ketone bodies play important roles as alternative energy substrates, especially in conditions with a decreased utility of glucose. Short-chain fatty acids (acetate, propionate, and butyrate), produced by bacterial fermentation, supply most of the energy substrates in ruminants such as the cow and sheep. These monocarboxylates are transfered through the plasma membrane by proton-coupled monocarboxylate transporters (MCTs) and sodium-coupled MCTs (SMCTs). To reveal the metabolism and functional significance of monocarboxylates, the cellular localization of MCTs and SMCTs together with the expressed intensities holds great importance. This paper reviews the immunohistochemical localization of SMCTs and major MCT subtypes throughout the mammalian body. MCTs and SMCTs display a selective membrane-bound localization with porality. In contrast to the limited expression of SMCTs in the intestine and kidney, MCTs display a broader distribution pattern than GLUTs. The brain, kidney, placenta, and male genital tract express multiple subtypes of the MCT family. Determination of the cellular localization of MCTs is most controversial in the brain, possibly due to regional differences and the transcriptional modification of MCT proteins. Information on the localization of MCTs and SMCTs aids in understanding the nutrient absorption and metabolism throughout the mammalian body. In some cases, the body may use monocarboxylates as signal molecules, like hormones.
Intermediate metabolites including lactate, pyruvate, and ketone bodies provide immediate fuels and materials for conversion into glucose and fatty acids in most cells. Short-chain fatty acids (acetate, propionate, and butyrate), structurally related to the intermediate metabolites, are produced by the fermentation of dietary fibers in the lumen of the large intestine and absorbed via the epithelium. All these organic acids containing 2-4 carbon atoms and one carboxyl terminal are collectively called monocarboxylates. There is an idea that animals have evolved over a long time with the establishment of two energy systems using monocarboxylates and hexoses. Although animal cells can alternatively use the energy substrates according to specific conditions, their fundamental energy source may be monocarboxylates, which are able to be produced without oxygen consumption. Animals specialized with a high dependency on monocarboxylates are ruminants such as cattle and sheep, which obtain a large amount of energy from acetate produced by microorganisms in the huge forestomach, the rumen. The dependency on acetate is estimated to be more than 70% of the total energy substrates in the ruminant. As a result, the plasma glucose levels in ruminants are very low, whereas the concentration of short-chain fatty acids (SCFAs) in the blood is high as compared with nonruminants. Even in non-ruminants, neonates preferentially utilize monocarboxylates for energy sources and the biosynthesis of lipids and amino acids. Moreover, monocarboxylates become essential fuels when the availability of glucose is low, such as in diabetes and during long starvation (63, 154) . It is Transporter (SMCT). This transporter is an apical type at the cellular level-in contrast to MCTs, which are basically a basolateral type. It functions in absorbing monocarboxylates in the luminal space of the intestine and urinary tubules. Accordingly, the tissues predominantly expressing SMCTs are the intestine and kidney. SMCT also functions as a drug transporter with the potential to modulate the intestinal absorption and pharmacokinetics of various monocarboxylic drugs. In contrast to MCTs, which function as H + -coupled electroneutral transporters, SMCT functions as a Na + -coupled electrogenic transporter and induces water movement. The present paper reviews the cellular localization of MCTs and SMCTs shown mainly by immunohistochemistry. For their biochemical and functional aspects, detailed reviews are available for both MCTs (28, 52, 53, 55, 56, 94, 111) and SMCTs (37, 50).
Monocarboxylate transporter members
The amino acid sequence alignment shows that MCT family members (SLC16) have twelve highly conserved transmembrane domains and indicates that the isoforms work as a gate for lactate transition with plasma membrane-bound form. Multiple MCT-related sequences of more than 14 subtypes have been identified, although only MCT1-MCT4, MCT8, and MCT10 have been functionally characterized (53, 55) . Among them, MCT8 is a high affinity thyroid hormone transporter, and MCT10 (TAT1) is an aromatic acid transporter (155) . MCT1 and MCT2 have been earliest and most extensively characterized. These transporters are 60% identical and encode proteins having approximately 490 amino acids and 12 putative transmembrane segments. MCT3 has a 43% and 45% sequence identity with MCT1 and MCT2, respectively. MCT4 is more closely related to MCT3 (68% similar residues) than to the other isoforms. The majority of tissues analyzed in the mouse and rat express MCT1, the bestcharacterized isoform. MCT1 particularly is expressed in cells which use ketone bodies for energy production but which also release lactate under certain conditions. The high-affinity isoform MCT2 is mostly expressed in cell types which use lactate, such as hepatocytes and neurons. MCT3 has been localized exclusively in the retinal pigment epithelium. On the other hand, low affinity MCT4 is particularly evident in tissues with higher glycolytic rates, such as white skeletal muscle (158) and astrocytes (7, 120) . Its characteristics suggest an adaptation to the release of lactate in glycolytic cells. Several cells and tissues display the co-localization of MCT4 worth noting that the anaerobic glycolysis produces ATP much more quickly than aerobic respiration under normal conditions (72) . The regulated transfer and handling of monocarboxylates require membrane-bound transporters specific for substrates. Monocarboxylate transporters, MCTs, were first identified in 1994 and 1995 (38, 39) . MCTs are membrane-bound channels that transport lactate, ketone bodies, and other monocarboxylates, along with protons (pH), down their concentration gradient. The MCTs facilitate the 1 : 1 exchange of monocarboxylate and proton across the plasma membrane. The direction of transport is determined by the relative intra-and extracellular concentrations of monocarboxylates and hydrogen ions (38, 54, 111) . Formate, one of the SCFAs, is a very poor substrate while dicarboxylates and tricarboxylates are not transported by MCTs. The oxygen-independent glycolysis produces lactate, which should not be excreted out of tissues but instead utilized by oxidative cells as an important energy substrate. The exchange of lactate between neighboring cells is often called the "lactate shuttle" (13) . Representative lactate shuttles are constructed between astrocytes and neurons (5, 106) , white (glycolytic) and red (oxidative) skeletal muscle fibers (158) , Sertoli cells and germ cells (10) , and hypoxic tumor cells and perivascular tumor cells (29) . The complete knockout of MCT1 is embryonically lethal, possibly due to the deficient transfer of lactate via placental MCT1. Ketone bodies often serve as the major circulating energy source, especially during fasting. Ketoacidosis occurs when ketone formation exceeds ketone utilization. The MCT1-mediated transport of ketone bodies is also important to maintain an acid-base balance. Genetic analysis of patients with ketoacidosis has revealed a mutation of the gene encoding MCT1 (152) . In accordance with the energy demand and crititical metabolism, MCTs show an extremely broad distribution as compared with glucose transporters, GLUTs. GLUT1, a predominant GLUT subtype, is mainly expressed in "the blood-tissue barriers" such as the brain endothelium (blood-brain barrier), perineurium (blood-nerve barrier), epithelial cells in the choroid plexus (bloodcerebrospinal fluid barrier), retinal pigment epithelium (blood-retinal barrier), and cytotrophoblasts (placental barrier) (140) . Essentially all of these barriers simultaneouly express MCT1 and other MCT subtypes. Another type of transporter for monocarboxylates, SLC5A8, was identified in 2003 (87) . Since its transport via SLC5A8 is coupled with Na + (19, 96) , it has been termed a Sodium-dependent MonoCarboxylate the skeletal muscle, Hashimoto et al. (60) have ascribed the results of unstaining to the fixation itself: immunoreactivities of MCT1 and MCT4 are blocked in the formalin-fixed sections in contrast to unfixed sections. However, the different or unsuccessful stainability may be more likely due to antibody specificity, animal species, or types of sections. The selection of antibodies is highly important for immunohistochemical analysis. We often experience a discordance of antibodies available between immunoblotting and immunohistochemistry. We also must pay attention to the species differences in the use of an antibody. For example, a world-wide commersial antibody against the carboxy-terminal of rat MCT1 was able to stain tissues from many animal species including the mouse, whereas an MCT2 antibody raised against the carboxy-terminal of rat MCT2 (NTHNPPSDRDKESSI) supplied from the same company could not detect murine MCT2 (corresponding sequence: NAHNPPSDRDKESNI, in which two amino acids are substituted in mouse MCT2). Checking available antibodies by the use of positive controls is recommended. As a positive control for each subtype of MCTs, the large intestine is suitable for MCT1, the kidney and stomach for MCT2, the retina for MCT3, and the skeletal muscle for MCT4 (and MCT1). Tissues adequate for the positive control of SMCTs are the intestine and kidney. The specificity of antibodies should be checked also by immunoblotting. However, molecular sizes of immunoreactive bands change according to the tissues and animals, possibly due to the posttranscriptional modification. Although an absorption test by preincubation of the antibody with corresponding antigen is indispensable for checking the specificity of immunoreactions on sections, it is sometimes difficult to obtain the antigens. In situ hybridization analyses using RNA probes or synthetic oligonucleotide DNA probes are useful for confirming the immunoreaction at mRNA levels. Fortunately, the gene expression of MCTs and SMCTs is at levels high enough to be detected by the in situ hybridization methods. Before discussing the specificity of an immunoreaction, the selective localization of immunoreactivities along the cell membrane is essential in cases of MCTs and SMCTs. Furthermore, MCTs require chaperone proteins for a correct expression. Basigin, also known as the extracellular matrix metalloproteinase inducer (EMMPRIN) or cluster of differentiation 147 (CD147), colocalizes with MCTs ( Fig. 1) . Basigin is an accessory glycoprotein that assists the delivery of MCT1 and MCT4 to the plasma memwith MCT1. In 2004, SLC5A8 (SMCT1), a 69-kDa protein, was found to code for a Na + -coupled transporter for SCFAs, lactate, and pyruvate but not for di-carboxylate succinate or tri-carboxylate citrate. Soon afterwards, another type of SMCT2 (SLC5A12) with a 59% identity with SMCT1 at the amino acid level was identified (134) . Both of these are abundant in the intestine and kidney and localized in the brush border, being apical types of transporters. MCT1-MCT4 are localized along either the basolateral or apical membrane in most cells with polarity. The intracellular localization of MCT is important for considering the movement and utility of incorporated monocarboxylates. It is generally considered that MCT is also required for their movement into mitochondria. The MCT1 present in the inner mitochondrial membrane functions in the transport of lactate or pyruvate into the mitochondrial matrix in skeletal and cardiac muscle (12, 15, 61) . However, most immunohistochemical studies have failed to demonstrate MCTs in mitochondria at the electron microscopic level (71) (also our unpublished data). At the light microscopic level, MCT1 signals have overlapped with a mitochondrial inner membrane protein (COX) in the rat skeletal muscle (60) . The transport of monocarboxylates, mainly pyruvate, may be mediated by another proton-linked carrier known as the Mitochondrial Pyruvate Carrier (MPC) (54) .
Technical aspects of histochemical demonstration
For the histochemical demonstration of MCTs and SMCTs, there are several types of tissue sections available: cryostat sections, paraffin sections, vibratome sections, or free-floating sections. Usually, cryostat (frozen) and vibratome sections are superior for the preservation of antigenicity rather than conventional paraffin sections in immunohistochemistry. Still, we were able to obtain sufficient stainability for MCTs using paraffin sections, due to their condensed localization along the plasma membrane and intense antigenicity. The effects of fixation on the stainability seem to be slight when immunostaining MCTs and SMCTs; we have been able to obtain excellent staining results in the fixation with the most representative fixative, 4% paraformaldehyde equivalent to 10% formalin. Picric acid is generally believed to enhance the antigenicity in the fixation process. Therefore, we routinely use Bouin's fluid for paraffin sections and Zamboni's fixative for cryostat sections and immuno-electron microscopy. On the basis of immunostaining results for MCT in mans (44, 123), pigs (123) , and rats (145) (for reviews, 22, 50). In contrast, our (66) and other immunostaining studies (78, 128) confirmed the basolateral localization of MCT1 in the epithelial cells of the mouse, rat, dog, bovine and human intestine (Fig. 2a) . The discrepant findings on the subcellular localization of MCT1 may be due to different staining conditions, including the specificity of antibodies and preparation of tissue sections. The co-localization of CD147 with MCT1 strongly supports the concept of the basolateral localization of MCT1 (Fig. 1) . MCT1 in the gut is broadly distributed from the stomach to the rectum; however, the expression intensity is higher in the large intestine of most mammals, being highest in the cecum in the case of rodents (38, 39, 66) . Such expression patterns of MCT1 in the large intestine are reasonable since bacterial fermentation occurs predominantly in the proximal regions of the large intestine, especially in the cecum of rodents (31). Interestingly, the bovine and ovine digestive tract abundantly displays its expression in the forestomach as well as the large intestine (75) . The forestomach in ruminants is known to be the most active site for SCFA production, especially acetate, while very low levels of SCFAs exist in the glandular stomach and small intestine of these animals. The forestomach of ruminants is covered by the stratified epithelium, where the basal half layer of the epithelium expresses MCT1 on the entire cell membrane. In most mammals, absorptive epithelial cells (columnar cells) of the small intestine also express a considerable amount of MCT1 basolaterally with different intensities according to the location (villi versus crypts). The basolateral localization of MCT1 in the small intestine must be related to the expression of SMCT2, as mentioned below. The energy requirement of cells increases during cell dividing and proliferation. Highly proliferating tumor cells switch from oxidative phosphorylation to brane required for their folding, stability, membrane expression, and functionality (53, 79, 109) . MCT2 associates with gp-70 (embigen), a homolog of CD147. The immunostaining of CD147 and gp-70 can confirm the localization of MCTs in many cases, although CD147 is not always associated with MCTs, such as in the cardiac muscle, pancreas, and small intestine.
Gastrointestinal tract, liver, and pancreas
Plant-derived dietary fiber and undigested carbohydrates are fermented by resident microflora mainly in the large intestine and produce SCFAs: acetate, propionate, and butyrate. The SCFAs in the bowel lumen have some direct effects on the intestinal wall, including the stimulation of colonic blood flow and of fluid and electrolyte uptake (150) . Butyrate also functions as an energy source for epithelial cells in the large intestine and promotes the differentiation of enterocytes (14, 98) . The uptake of a considerable amount of SCFAs in the large intestine occurs by the simple diffusion of the unionized form across the cell membrane; the remainder occurs by the active cellular uptake of ionized SCFAs together with inorganic protons, such as Na + , K + , and H + (31).
As a transporter of monocarboxylates including SCFAs, MCT1 was first identified and shown to be localized in gut epithelial cells as well as the heart and skeletal muscle (38). The original study by Garcia et al. (38) demonstrated immunohistochemically the selective localization of MCT1 at the basolateral membrane of epithelial cells in the hamster gut, suggesting a role for MCT1 in the transport of monocarboxylates from the epithelium to the internal miliue. However, many subsequent studies using immunohistochemistry and the immunoblotting of purified membrane fractions have reported the predominant localization of MCT1 to be in the luminal/ apical membrane of intestinal epithelial cells in hu- (96) . The down-regulation of SMCT1 expression in a variety of cancers including colon cancer suggests its tumor suppressive function; this can partially explain the anti-tumourigenic effects of butyrate (37, 105). Transcripts of SMCT1 in mice are found throughout the large intestine, with the most intense expression in the distal colon, followed by the cecum. Another site showing an intense expression of SMCT1 mRNA is the ileum, where the expression is restricted to the distal segments (141) (Fig. 3) . Through immunohistochemical studies (66, 141) , we have revealed the selective localization of SMCT1 on the brush border in the villi of the terminal ileum and crypts of the large intestine in mice. In the cecum (Fig. 2a) , intense immunoreactivity for SMCT1 is found in the brush border at the middle part of the crypts, while the MCT1 antibody labels the basolateral membrane of epithelial cells extensively in both the surface epithelium and crypts. Crypt cells show a more or less dual expression of the two transporters, but the surface epithelium tends to be devoid of SMCT1 immunoreactivity. glycolysis for energy production, referred to as the Warburg effect. Similar to tumor cells, normally proliferating cells may prefer to use monocarboxylates rather than glucose. In the small intestine, crypts largely consisting of proliferating and immature cells express MCT1 more intensely, especially the dividing cells (144) . A similarly intensified expression of MCT1 is found at the proliferating zone of the stomach and at the basal layer of the esophagus. Reportedly, MCT2 in the digestive tract of hamsters is expressed mainly in the stomach, where parietal cells are the cellular source of production ( Fig. 2b ) and the expression levels of MCT2 are low in the other parts of the gut (38, 39). Our quantitative PCR analysis confirmed the restricted distribution of MCT2 in the glandular stomach (146) . Immunostaining detects an intense localization of MCT2 along the basolateral membrane of parietal cells, in accordance with an in situ hybridization study at the mRNA level. This finding, together with a lack of GLUT1 expression in parietal cells, suggests that parietal cells with high energy demand use monocarboxylaye as a main energy substrate. A Western blot analysis of the human small and large intestine (44) has described the intense expression of MCT4 and MCT5 as well as MCT1 in the distal colon, with less intense expressions of all three subtypes in the proximal colon and ileum. In the immunoblotting study by the same research group, MCT3 was present at a relatively low level compared with other isoforms, but significant immunoreactive bands for MCT3 were detected in the human small intestine and colon. A Northern blot analysis of the human small and large intestine has demonstrated an intense expression of MCT8 (XPCT) comparable to the expression of MCT1 (118) . However, our in situ hybridization study failed to obtain any visible signals for MCT3, MCT4, MCT5, or MCT8 throughout the digestive tract of the mouse. Our survey in the mouse indicates that MCT1 is a predominant subtype expressed in the gastrointestinal tract, except for a rich amount of MCT2 in the glandular stomach. The epithelial cells in the mouse small intestine express faintly immunoreactive MCT4 along the basolateral membrane. These findings are supported by our real-time PCR analysis in the mouse (146) . Cell types other than epithelial cells expressing MCTs include smooth muscle cells (MCT1) throughout the gut ( Fig. 5d ) and some endocrine cells (MCT1), the latter being abundant in the glandular stomach. The liver parenchyma preferentially expresses MCT2 rather than MCT1 in the hamster (38, 39); Semi-quantitative RT-PCR in mice also reveals a predominant expression in the small intestine, with the highest expression in the proximal one third (146) (Fig. 3) . In a sense, the expression patterns of SMCT1 and SMCT2 along the long axis of the gut are complementary; SMCT2 and SMCT1 predominate in the small intestine and large intestine, respectively. Since SMCT2 has a main productive site in the proximal small intestine with minimal bacterial fermentation, the function of SMCT2 may be to absorb acetate, lactate, and other monocarboxylates from drinks and diets such as milk and fermented products (134) . The transport capacity of SMCT2 is higher compared with that of SMCT1. Thus, low affinity/high capacity SMCT is arranged in the small intestine, while the high affinity SMCT is present in the large intestine (Fig. 4) . In the rat intestine, SMCT1 is particularly expressed in the brush border of the duodenum, with MCT1 and MCT4 in the basolateral membrane (73) . This expression profile is useful for the rapid absorption of acetate and stimulation of duodenal or pancreatic HCO 3 − secretion.
The kidney
The kidney is active in the uptake of monocarboxylates from the glomerular filtrate against energy loss and for gluconeogenesis; thus, the reabsorption rate of lactate in the mammalian kidney is very high (>95%). In 2004, SMCT1 was shown to be responsible for the active Na + -coupled reabsorption of lactate in the mammalian kidney (19, 46). Northern blot analyses of the mouse SMCT1 have demonstrated its abundant but selective expression in the kidney besides the intestine (46, 47). Immunohistochemically, SMCT1 in the mouse and rat kidney is largely restricted to the cortex and the outer stripe Thus, the distinct coexistence of the two transporters at the cellular level is not found throughout the epithelium of the large intestine. The higher expression of SMCT1 in the large intestine should be related to the active production of SCFAs produced by microflola. MCT (MCT1) and SMCT1 in the large intestine are coordinated in the uptake and transfer of SCFAs, which are used as a fuel for gut epithelial cells and the whole body. It is worth noting that the Na + : substrate stoichiometry is 4 : 1, namely the epithelium absorbs an amount of water with Na + and SCFAs. This is helpful for the hardening of feces and reducing the volume. Accordingly, the expression levels of SMCT1 in the distal half of the colo-rectum are higher compared with those in the proximal half. In the small intestine, the intense expression of SMCT1 is restricted to the terminal ileum in mice. It remains unknown whether the restricted expression reflects the production of SCFAs in loco or the backflow of SCFAs from the cecum. The intestine and kidney express a low-affinity SMCT (SMCT2) with a sequence homology of 59% identity in the amino acid sequence against SMCT1. The transport by SMCT2 seems to be electroneutral with a Na + : monocarboxylate stoichiometry of 1 : 1. Transcripts of SMCT2 are detectable in the small intestine of mice but not in the large intestine (134) . (146) . The stomach, small intestine, and large intestine were segmented into three, twenty, and five sections, respectively. types (MCT1 to MCT12) by an in situ hybridization technique (159) ; four subtypes (MCT2, MCT5, MCT8, and MCT9) displayed comparatively intense signals of mRNA, with the most intense expression being for MCT2 and MCT8. Weak but significant signals were detected for MCT1, MCT10, and MCT12. These expression intensities largely agreed with a genome-wide gene expression analysis by Nowik et al. (102) . Immunohistochemically, MCT1 is exclusive to the most proximal part of the proximal convoluted tubules (S1) in the mouse kidney. The staining profiles of MCT1 in the rat kidney are essentially identical to those in the mouse, but the MCT1 immunoreactivity in S1 is more intense than that in the mouse (159) (Fig. 2d) . In both animals, the basal infoldings of epithelial cells in the S1 segment are intensely labeled with the MCT1 antibody. MCT2 immunoreactivity in the kidney predominates in the inner stripe of the outer medulla in both animals, corresponding to the thick ascending limbs of Henle's loop, where again the basal infoldings are immunolabeled. The MCT2 immunoreactivity further extends to the distal convoluted tubules and collecting ducts in the rat. MCT1 and MCT2 may act as an efflux pathway of the reabsored lactate toward the blood; they also may be involved in taking up lactate or pyruvate from the circulation for gluconeogenesis and β-oxidation. MCT8, an efficient transporter for thyroid hormones, is abundantly expressed throughout the proximal tubule on the basolateral side of epithelial cells in mice (4).
The brain
Neurons require lactate as an energy substrate under activated conditions, and this lactate is supplied largely by adjacent glial cells, being representative of the metabolic coupling. Moreover, lactate and ketone bodies serve as predominant energy sourcesrather than glucose-for the brain during the neonatal period. Although the brains of mature animals rely increasingly on glucose for energy, monocarboxylates represent alternative energy substrates under particular conditions of a decreased utility of glucose, including diabetes and prolonged starvation. For the transfer of monocarboxylates, especially lactate, the brain tissue utilizes at least three different MCTs: MCT1, MCT2, and MCT4 (130) . However, findings concerning the expression sites of MCTs in the brain fail to coincide among immunohistochemical studies using the antibodies from different sources, various types of sections (frozen, vibratome, paraffin, free-floating or enzyme-pretreated), and different animal species (111) . The regional differences of the outer medulla, in agreement with the expression pattern of SMCT1 mRNA. Its expression is not found in S1 segment of the proximal tubules but starts to appear in S2 up to S3 (S3: the proximal straight tubules) (141, 159) (Fig. 2d) . Intense SMCT1 immunoreactivity is localized at the brush border but not in the other parts of cells. Genetic deletion of SMCT1 results in a significant increase in urinary lactate levels (32, 147). Another type of SMCT (SMCT2) mediates the sodium-dependent transport of various monocarboxylates with low affinity. Renal SMCT2 is localized at the brush border from the beginning of proximal tubules with decreasing expression toward the S3 segment (48). Thus, the proximal convoluted tubules respectively provide low and high affinity transporters in the upper and lower proximal tubules, as does the intestine (Fig. 4) . The arrangement of two SMCTs with differing affinities to substrates and differing capacities in the kidney is comparable to that of Na + -dependent glucose transporter SGLTs. In the kidney of mammalsincluding humans, the low-affinity/high-capacity Na + -glucose cotransporter (SGLT2) mediates the bulk of glucose reabsorption in the early part of the proximal convoluted tubules (S1 or S1/S2), whereas the high-affinity/low-capacity SGLT1 in the distal part of proximal tubules (S3) reduces glucose in the urine to very low levels (156) . Therefore, it can be concluded that the urinary tubules reabsorb the two major energy substrates using the Na + -coupled uptaking system. As for the MCT family, early immunohistochemical studies have reported discrepant cellular localization of MCT1 and MCT2 in the mammalian kidney. MCT1 in the hamster kidney has been reported by the same research group to exist in both proximal and distal convoluted tubules (38) or proximal convoluted tubules (39). The reported localization of MCT2 in the kidney is also controversial among researchers-in this case-between animal species. MCT2 immunoreactivity in the hamster kidney is detected in the collecting ducts of the inner medulla (39), while in the rat kidney it exists in the medullary thick ascending limbs of Henle's loop, with a weak immunoreactivity in the collecting ducts (27). Among the other MCT subtypes, the existence of MCT5, MCT6, MCT8, MCT9, MCT10 (or TAT1) and MCT12 has been shown in the kidney (33, 55), but their cellular localization and expression intensities remain unknown. We, therefore, tried to confirm the expression intensities and sites of MCTs in mice (159) . First, we compared mRNA expressions of various MCT sub-brain (18, 110, 112) . Although MCT2 is strongly expressed by astrocytes in the rat brain (42, 120), astrocytes in the mouse brain do not significantly express MCT2 (112) . Nevertheless, in situ hybridization analyses of the mouse brain have characterized the neuronal expression of MCT2 in the cerebral cortex, hippocampus, and cerebellar cortex, including the Purkinje cell layer (81, 106, 154) . Another immunostaining study of the rat brain for MCT2 has detected positive reactivities of neurons in the hippocampus, thalamus, olfactory bulb, and cerebellum (7, 110, 120) . In accordance with this, an analysis of primary cultured cells gave evidence of a cellspecific localization of MCTs with an enrichment of MCT1 in astrocytes and of MCT2 in neurons (11) , though another similar analysis of the rat brain has shown that all cultured cortical astrocytes express MCT2 as well as MCT1 (57) . Accumulating evidence indicates that part of the MCT2 expression is associated with synapses. Some studies have focused on the MCT2 localization along the post-synaptic density of excitatory synapses (7, 8) . The major role in the post-synaptic density has been related to the maintenance of energy substrate availability upon excitation of post-synaptic cells (8) . Recent studies suggest that MCT2 is critical in longterm memory, as the expression of MCT2 decreased in a rat model of Alzheimer's disease (89, 137) . MCT4 is present in astrocytes and involved in lactate shuttling from glia to neurons expressing MCT2. MCT4 is preferentially expressed in astrocytes including the astrocytic processes that ensheath the synapse and blood vessels (7, 120) although the immunolabeling is also restricted to some regions and not so intense in reaction. It has been described how SMCTs are expressed in the brain and retina (93) . The expression pattern of SMCT1 in the brain overlaps with that of MCT2, a possible neuron-specific MCT, while the lowaffinity SMCT2 is expressed specifically in astrocytes (93) . A similar expression pattern of SMCTs is also seen in the retina (93) .
The peripheral nervous system
Many studies in the brain have suggested that MCTs expressed in the vascular endothelium, glia, and other elements are critically important for supplying lactate and ketone bodies to neurons and axons. In contrast, a few studies have focused on the pathway for energy supply to the peripheral nerves. According to recent studies, peripheral nerves also consume lactate-particularly during regeneration when they require greater energy (97) . Peripheral nerves exin immunolabeling in the brain, except for MCT1 in the vascular endothelium, also make it difficult for a general consensus concerning their cellular localization. Furthermore, regulation of MCT expression occurs at the translational level, causing another discrepancy in the distribution of MCT mRNA and protein in the brain (111) (Fig. 2e) . There is also accordance that the expression of MCT1 is more intense in suckling neonates than adult rodents, especially in the vascular endothelium (40, 106) . This developmental change can account for the metabolic adaptations occurring in the brain during the suckling period, when ketone bodies derived from milk are major energy sources (101, 106, 154) . In adult rats, a ketogenic diet has been found to induce brain MCT1 expression (85) . MCT1 is also the primary isoform of glia, whereas MCT2 has a more neuronal localization (112) . Long cytoplasmic processes, which radiate off the brain surface or connect with the superficial glial limiting membrane, are intensely immunolabeled for MCT1 in some regions of the brain, suggesting the MCT1 expression in astrocytes. Astrocyte foot processes adjacent to capillaries (the perivascular glial limiting membrane) display an MCT1 immunoreactivity (18, 84). It is worth noting that MCT1-immunoreactive astrocytes including cell bodies are restricted to some areas of the adult brain (40, 57). Recently, it has become commonly accepted that a main MCT subtype expressed by astrocytes is MCT4. An analysis of transgenic mice carrying the fluorescent reporter has indicated that MCT1, MCT2, and MCT4 are predominantly expressed, respectively, in oligodendrocytes, neurons, and astrocytes (83) . Lactate has been proposed as a fuel for proper myelination by oligodendrocytes (126) . Disrupting the transfer of lactate from oligodendrocytes to axons through MCT1 causes axonal damage (83) . There are more discrepant findings for immunoreactive MCT2 in the literature. Several studies in rodents have demonstrated that MCT2 is predominantly expressed in ependymal cells and astrocytic processes, including the perivascular and surface glial limiting membrane in rats (42, 120). On the other hand, the murine brain shows a broader distribution of MCT2 in choroid plexuses, blood vessels, and some neurons; subsets of astrocytes (S100 protein or GFAP-positive) express MCT1 while neuronal processes instead contain MCT2 in the adult mouse press GLUT1 in both endoneurial blood vessels and the perineurium (34, 41, 99) and utilize glucose as a major energy substrate, as dose the brain. However, under conditions of a reduced utilization of glucose, the brain must depend upon monocarboxylates such as ketone bodies and lactate, being accompanied by an elevated expression of MCT1 in the blood-brain barrier. In the peripheral nerves, MCT1 immunoreactivity is found in the perineurial sheath and colocalized with GLUT1 (Fig. 5a, b) , while the endoneurial blood vessels express GLUT1 only (142) . Ultrastructually, the MCT1 and GLUT1 immunoreactivities in the thick perineurium show an intensity gradient decreasing towards the innermost layer. In neonates, the MCT1 immunoreactivity in the perineurium is intense, while the GLUT1 immunoreactivity is faint or absent (142) . These findings suggest that peripheral nerves depend on monocarboxylates as one of the major energy sources and that MCT1 in the perineurium is responsible for the supply of monocarboxylates to nerve fibers and Schwann cells, possibly from outside the perineurium. If surrounding non-vascular tissues directly supply the monocarboxylates, they may be lactate produced by glycolysis in skeletal muscles or ketone bodies released from adipose tissues, which are rich around nerve fasciculi. The localization of GLUT1 in peripheral nerve bundles indicates the dual supply of glucose to individual nerve fibers via both endoneurial blood vessels and the perineurium. The endoneurial capillaries have been recognized a main route for the uni-directional transport of glucose by some researchers (121) . This notion, however, is refused by the following morphological findings. First, only a small proportion of the endoneurial blood vessels are positive for GLUT1 in the adult human nerves, in contrast to the intense and consistent immunoreactivity of GLUT1 in the perineurium (99) . Second, nerve fasciculi of smaller diameters do not contain any GLUT1-expressing blood vessels in the endoneurial space. On the other hand, the presence of MCT1 with a limited localization to the perineurium suggests the supply of monocarboxylates to nerve fibers and Schwann cells only via the trans-perineurial route. The dynamic switching of energy transporters from MCT1 to GLUT1 is also seen in the perineurium of peripheral nerves during developmental stages. Stark et al. (135) have reported the lack of GLUT1 in the perineurium of peripheral nerves in P0 and P14 rats, in contrast to its intense expression in adult rats. In accordance with this, nerves in murine neonates at P5 and P10 were respectively negative and faintly immunoreactive for GLUT1 but intensely positive for MCT1 in these stages (142) . Lactate is proposed as a fuel source for proper myelination in the central nervous system (126) . Disrupting the transfer of lactate from oligodendrocytes to axons through MCT1 causes axonal damage (83) (97) .
The retina and other ocular tissues
In the retina, lactate is one of the major nutrients for rods and cones of photoreceptor cells. The retina produces more lactate than any other tissue, and the lactate production is particularly prominent in the outer retina containing numerous photoreceptor cells. It is generally believed that neurotransmission in the inner retina is largely supported by glycolysis, whereas phototransduction in the outer retina is supported by oxidative processes. In studies using isolated photoreceptor cells, lactate was a better substrate for the mitochondrial oxidative metabolism than glucose (115) . The first report on MCT molecules in the retina has demonstrated the unique expression of MCT3 (REMP: retinal epithelial membrane protein) in the retinal pigment epithelium of the chick and rat (108, 160) . There is a consensus that MCT3 and MCT1 are localized respectively in the basal membrane and the apical membrane of retinal pigment epithelium, effecting the transfer of H + -lactate across the pigmented epithelium between the outer retina and the blood vessels (6, 17, 43, 108) . In some conditions, an excess of lactate may be extruded through the pigment epithelium by the combination of MCT1 and MCT3. Photoreceptor cells continuously shed the periphery of their outer segment, which is then phagocytosed by the adjacent pigment epithelial cells. The digestion of the outer segment is indispensable for the recycling of rhodopsin and also provides a rich energy source as fatty acids. The fatty acids are converted to β-hydroxybutyrate, which is transported Fig. 5a and b, two serial sections from the mouse sciatic nerve are stained for GLUT1 (a) and MCT1 (b). The stainability of the perineurium is almost identical between GLUT1 and MCT1. Immunostaining of MCT1 in the skeletal muscle displays peculiar structures at the periphery of skeletal muscle fibers, possibly corresponding to the neuromuscular junction (c). In the small intestine (d), the cell membrane of smooth muscle fibers and of crypt epithelium are immunoreactive for MCT1. Note the lack of MCT1 immunoreactivity in Paneth cells at the bottom of crypts. The mammary gland is rich in MCT1 immunoreactivity; the basolateral membrane of secretory portion is selectively immunolabeled (e). In sebaceous glands (f), an intense labeling for MCT1 is seen along the entire length of the plasma membrane of alveolar cells.
across the apical membrane of the pigment epithelium via MCT1 and enters photoreceptor cells via MCT1 and MCT7, indicating metabolic shuttling via MCTs (1). Philp et al. (109) have reported that basigin (CD147) is necessary for the targeting of MCTs to the plasma membrane and is essential for normal retinal function. Immunohistochemically, basigin is condensed in both the apical and basal plasma membrane of the pigment epithelium. GLUT1 expressed in both the apical and basolateral membranes can transport glucose across the retinal pigment epithelium to the outer retina. The dense arrangement of the two nutrient transporters in the pigment epithelium is related to the lack of a vascular system in the outer retina, and support the notion that the pigment epithelium functions as blood-retinal barrier. Beside the pigmented epithelium, the retinal MCT1 is broadly distributed in the photoreceptor inner segments, the outer nuclear layer, and the inner/ outer plexiform layer (43) (Fig. 2f) . The wide distribution of MCT1 in the retina is comparable with that of GLUT1 (6, 43). At cellular levels, immunostaining for MCT1 labels Müller cells and the vascular endothelium in the retina of the adult rat, the latter being the primary site in neonates (6, 17) . However, this finding is not supported by other immunohistochemical studies in the rat retina (6, 17) . MCT4 immunoreactivity has been reported to be localized from the outer plexiform layer to inner plexiform layer in 28-day-old rats (6) . In another study by Chidlow et al. (17) , MCT4 immunoreactivity is detectable in Müller cells and the two plexiform layers in the rat, but its intensity is faint as compared with MCT1 and MCT3 in the retina. Our survey by an in situ hybridization technique detected intense signals of MCT1 and MCT3 among the four major MCT subtypes in the mouse retina.
Both signals appear intense in the retinal pigment epithelium, with weak and diffuse signals in the outer and inner granular layers. Immunohistochemistry for MCT1 yielded the same staining patterns in the retina of the mouse and rat. Immunoreactivity for MCT1 is intense in the apical microvillous region of the pigment epithelium, the inner segment of photoreceptor cells, and the vascular endothelium of the inner retina (Fig. 2f) . Outer and inner plexiform layers, especially the outer one, show an intense immunoreactivity for MCT1. Müller cell's processes running perpendicularly in the outer granular layer are immunolabeled together with the inner limiting membranes of Müller cells. A weaker but significant immunoreactivity of MCT4 is also present in Müller cells. Beyond the retina, the epithelium of the iris and non-pigmented epithelium of the ciliary body have been reported to be immunoreactive to MCT1 and MCT2 antibodies, whereas no immunoreactivity for MCT3 and MCT4 is detectable in either tissue (17) . Our immunostaining confirmed that the posterior epithelium of the iris and inner non-pigment epithelium of the ciliary body are immunoreactive for MCT1, mainly at the lateral and apical plasma membrane, though the immunoreactivity in the ciliary process is more intense than that in the iris. In contrast to the pigment epithelium of the retina, the pigment epithelia of the iris and ciliary body are devoid of immunoreactivity for MCT1. The corneal endothelium does contain at least some MCT1 immunoreactivity in the mouse. The harderian gland, especially developed in rodents, is a lipid-secreting lacrimal gland behind the ocular bulb and intensely expresses MCT1 along the basolateral plasma membrane (143) . This may reflect a great demand for monocarboxylates as materials for the production of lipids.
The muscle
Monocarboxylate transporters would have their most obvious value in the skeletal muscle, which produces large quantities of lactate during strenuous exercise. Skeletal muscles are classified into three types depending on their myoglobulin and mitochondrial content: slow oxidative (SO), fast oxidative/glycolytic (FOG, intermediate type), and fast glycolytic fibers (FG). The membrane-bound expression of MCT1 in the skeletal muscles was first reported in SO and FOG fibers of the hamster (38, 39). In the human muscle, MCT1 expression is also high in type I oxydative fibers (SO), with modest to low expression in type IIa (FOG) fibers (30, 103, 104) . The restricted expression of MCT1 to oxidative muscle fibers suggests that MCT1 plays a role in lactate uptake rather than in lactate excretion. In contrast, MCT4 is abundant in FG and FOG fibers in the rat (60, 158) and in type IIx/b fibers in the human (30, 104, 113) . Thus, the predominant role of low-affinity MCT4 is cellular lactate extrusion from glycolytic muscle fibers (25, 158). MCT2, a highaffinity pyruvate transporter, is not abundant in the skeletal muscle of rats (60, 69) and is predominantly found in oxidative fibers (SO) (30, 39) . At present, there is an accepted idea that MCT1 and MCT4 are expressed respectively in oxidative (SO and FOG) fibers and glycolytic (FG and FOG) fibers, with MCT2 being a minor transporter. According to Hashimoto et al. (60) , the identification of muscle types expressing MCTs may be more or less influenced by the fixation conditions (fixed or unfixed), specificity of the antibodies, and animal species examined (60) . The muscle fiber type-specific arrangement of MCTs supports the idea that lactate is both a major fuel for oxidative muscle fibers and a major metabolic end product in glycolytic muscles. The production of lactate by one tissue and use by another is representative of the lactate shuttle: the mosaic distribution pattern of oxidative and glycolytic fibers is favorable for the exchange of lactate. Exercise may produce greater increases in MCT1 than MCT4 expression (148) . On the other hand, denervation for 3 weeks brings about a significant decrease in the expression of MCT4 as well as MCT1 (158) . Moreover, skeletal muscle regeneration down-regulates MCT1 expression, being consistent with the switching of skeletal muscle to a more anaerobic energy profile during proliferation (157) . Interestingly, GLUT4, a muscular type of GLUT, is enriched in oxidative fibers (91) , and the co-expression of GLUT4 and MCT1 in this type of fiber (60) indicates that oxidative fibers are provided with uptake systems of two major energy sources. Our immunostaining for MCT1 visualized a special structure at the neuromuscular junction in mice (Fig. 5c) . The linear positive reaction may correspond to the postsynaptic membrane on the skeletal muscle. Released acetylcholine is degraded to form choline and acetate, the former being incorporated by presynaptic choline transporter 1 (CHT1) for recycling. Although the mechanism for the removal of acetate from the synaptic cleft is unknown, the MCT1 expressed in the postsynaptic membrane may influence the removal of acetate. The predominant energy substrate for the heart in a normal metabolism may be monocarboxylates and/ or fatty acids, whereas the glucose metabolism becomes more prevalent during insulin stimulation and ischemia (23). GLUT1 is primarily responsible for basal glucose uptake but has a low expression level in the heart. GLUT4 is a major cardiac transporter of glucose and translocates from the sarcoplasma to myocyte surface membranes, thus resulting in an increase in the transporter activity in response to various stimuli, including insulin and ischemia (23, 132). Our in situ hybridization analysis in the mouse showed that the expression of MCT1 predominates instead of GLUTs in the heart under normal conditions. Recently, pluripotent stem cell-derived cardiomyocytes were shown to prefer lactate to glucose for cell survival (149) . An earlier immunostaining of MCT1 has demonstrated a condensed localization of MCT1 in the plasma membrane of cardiocytes, including the intercalated disks in normal conditions (38, 70) (Fig. 6a) . Immunoblotting of the human heart has shown the expression of MCT4 as well as MCT1, although no signals of MCT4 can be detected in the rat heart (158). In the rat, MCT4 is expressed in the neonatal heart, which is more glycolytic in its energy metabolism than the adult heart (62) . Essentially all smooth muscle fibers express MCT1, including the gastrointestinal tract (Fig. 5d) , female genital tract, and blood vessels. The vascular smooth muscle in the ocular tissues has been reported to be immunoreactive for the MCT4 antibody (17) . MCTs in the smooth muscle have not attracted the attention of researchers as compared with MCTs in the skeletal muscle. Experimental evidence in large and small arteries has demonstrated that lactate at a physiological concentration causes vasodilation and increases blood flow in vitro and in vivo. Furthermore, it has been proposed that lactate released from the retinal neuronal and glial elements serves an essential signal for modulating retinal microvascular tone via the stimulation of NO synthase and subsequent activation of guanylyl cyclase (64) . A blockade of MCT by use of a transporter inhibitor (CHC) nearly abolished lactate-induced vasodilation, suggesting the involvement of MCT and/or its function as a "lactormone" (64) . The expression of MCT1 has been examined in a cell line of human aortic smooth muscle cell (HASMC); a pressure stress upregulated MCT1 expression on the plasma membrane of HASMC but not cytoplasmic MCT1 (103) .
Lipogenetic tissues
Human adipocytes are known to express MCT1, MCT2, and MCT4, and the expression of MCT1 and MCT4 is stimulated by hypoxia (107) . Rat adi-pocytes express MCT1 on the plasma membrane; the expression level markedly decreases in a diabetic condition (51) . It is generally considered that MCT1 in adipose cells is related to lactate production and whole body lactate metabolism. On the other hand, MCTs in some lipogenetic tissues are involved in the production of steroids and medium/long-chain fatty acids (143) . Acetate, ketone bodies, and other monocarboxylates can serve as materials for lipogenesis. MCT1 in adults under normal conditions may be useful for the uptake of these materials for lipogenesis (125) , as supported by cases of sebaceous glands and mammary glands (143) (Fig. 5e, f) . Brown adipose tissue (BAT) as well as white adipose cells express MCT1, the expression level being much higher than white adipose tissue (67) . Because of the extremely rich existence of mitochondria in BAT, MCT1 in BAT may play a leading role in the uptake of ketone bodies and other monocarboxylates but not their release into circulation. Among GLUT1-GLUT5, GLUT4 is a predominant type expressed in BAT, as reported previously (127) . The signals for MCT1 are more intense in fetal and early neonatal stages than in adults, with a similar tendency for GLUT4 (67) . MCT1 in BAT may be involved in the uptake of the monocarboxylates as energy sources and/or substrates of thermogenesis. The abundant supply of ketone bodies in neonates is supplemented by ketone bodies derived from milk lipid. The expression level in the BAT of adult rodents increases under cold conditions (67) and exercise (24), although the increased activity could be related to the stimulated uptake of lactate to avoid systemic acidosis.
The male genital tract
The testis and sperm abundantly express some types of MCTs. The testicular tissues of rats contain immunoreactivities for MCT1, MCT2, and MCT4 (10), and a Northern blotting analysis of rat tissues has Fig. 6 Immunostaining of MCTs and GLUT3 in mouse tissues. The plasma membrane of cardiocytes including intercalated discs are heavily immunolabeled for MCT1 (a). Nuclei are stained green with SYTOX. In the testis, GLUT3 is the major GLUT member which is expressed in germ cells (spermatocyes and round spermatids) (red in Fig. 6b ) and also tails of elongated spermatids and sperm. Testicular MCT2 expression (green in Fig. 6b ) is restricted to elongated spermatids. In matured sperm (c), GLUT3 is expressed along the entire length of sperm tail (green in Fig. 6c ) while signals of MCT2 (red) are restricted to the middle piece. The thymus expresses MCT1 only in the cortex (C) (d). M: medulla detected the most abundant expression of MCT2 in the testis (69) . The first report by Galcia et al. (38) documented that the MCT1 antibody labeled the heads of maturing sperm in the seminiferous tubule and of the sperm in the caput of the ductus epididymis in hamsters. The MCT1 immunoreactivity of the sperm disappears in the cauda epididymis; instead, the stereocilia of the epididymal epithelium are strongly immunopositive for MCT1. In contrast to the reported localization of MCT1 at the head of maturing/matured sperm in the hamster, our immunostaining of the murine testis failed to confirm the selective localization of MCT1 at the sperm heads. Although the expression profiles of MCT1 and MCT2 in the seminiferous epithelium of the mouse and rat are controversial among researchers, MCT1 must be present at the cell surface of germ cells at different stages, especially spermatogonia (45, 80). An intense mRNA expression of MCT2 is detected in round spermatids, and MCT2 immunoreactivity is localized in elongated spermatids and sperm (80) (Fig. 6b) . Among GLUTs, GLUT3 is predominant in the seminiferous epithelium, but spermatogonia are lacking in GLUT3. The sufficient expression of GLUT3 in the spermatocytes is achieved during the subsequent stages of spermatogenesis, thus providing mature sperm with GLUT3 to utilize glucose for successful fertilization (131, 151) (Fig. 6b, c) . Spermatogonia in the mouse and rat testis are provided with only MCT1, simply indicating that the main energy sources of germ cells change from monocarboxylates to glucose or other hexoses (80) . MCT2 is expressed exclusively on sperm tails in both the seminiferous tubule and distal epididymis (39). The predominant localization of MCT2 in the tails of sperm is consistent among researchers: MCT2 is localized specifically in the distal part of sperm tails (9, 10, 16, 39, 45) (Fig. 6b) . Electron microscopically, MCT2 is present along the cell membrane of the principal and terminal pieces in sperm residing in seminiferous tubules of the rat and mouse (9, 16) . Interestingly, the localization of MCT2 translocates to the middle piece of the sperm during maturation (16, 39, 90) (Fig. 6c) . In contrast, sperm continue to express GLUT3 along the entire length of their tails. The localization of MCT1 on the microvillous surface (termed stereocilia) of the epididymal epithelium is indeed unique (38). However, this expression is not supported by mRNA expression and the immunostaining of CD147. The epididymis is an organ rich in the expression of other MCT subsets. Our in situ hybridization analysis has revealed region-specific expressions of MCTs-MCT8, MCT10, MCT11, and MCT12-although their functional significance remains unknown. It is important to determine whether Sertoli cells express MCTs to support germ cells, as compared with astrocytes which express MCT1 and MCT4 and supply lactate to adjacent neuronal elements. Although there is evidence that lactate has a crucial role in spermatogenesis (20, 36, 49), the findings concerning MCTs in Sertoli cells remain controversial. Studies using cultured rat Sertoli cells have detected the expression of MCT1, MCT2, and MCT4 by a Northern blot analysis (35, 36). Mannowetz et al. (90) have reported the localization of MCT2 in the cytoplasm of murine Sertoli cells as well as sperm tails. However, our immunohistochemical examination failed to confirm the distinct localization of MCTs (MCT1, MCT2, and MCT4) in the mouse and rat Sertoli cells. Leydig cells (interstitial cells) also express MCT1 intensely, possibly due to the uptake of monocarboxylates (acetate) for the biosynthesis of teststerone.
The female genital organ
The female genital tract contains abundant lactate in the luminal fluids, where its concentration is much higher than that in the blood. The follicular fluid in the ovary is a potential source of many nutrients for growing oocytes, since the ovarian follicles lack blood vessels. Due to active glycogenesis in granulosa cells with a high activity of lactate dehydrogenase (LDH), the follicular fluid maintains higher lactate concentrations than the oviductal and uterine fluids (59) . Intense signals for LDH-A mRNA are present only in the granulosa of antral follicles, being especially intense in the cumulus cells (82, 136) , while LDH-B is abundantly expressed in oocytes at earlier stages of growing follicles, including the primary follicles. The glycolytic products of granulosa such as lactate and pyruvate mediate normal oocyte maturation. The oviductal lactate, possibly secreted from the oviductal epithelium, is important for the energy supply of ovulated eggs and zygotes and for the control of fertilization. In accordance with the importance of monocarboxylates, MCTs are expressed throughout the female genital tract. The granulosa is a predominant expression site of MCT1 in the mouse ovary (82) . Oocytes may consume lactate by converting it to pyruvate. Therefore, the lactate shuttle is established between cumulus cells and oocytes, similar to testicular Sertoli cells and spermatogenic cells. In the oviduct, the mucosal epithelium is immunoreactive for MCT1 and MCT4, the former predominant in type (82) . The basolateral membrane of ciliated cells in the infundibulum and ampulla is selectively immunolabeled for both MCTs. Since the ciliated cells are scarce in the isthmus region of the oviduct, the expression of MCTs conspicuously decreases in intensity and extension. Using MCT1, the oviductalciliated cells can incorporate lactate produced by adjacent non-ciliated cells with higher glycolytic activity and use it as an energy source, possibly for ciliary movement. Furthermore, follicle-derived lactate released at ovulation may function as a signaling molecule, namely lactormone (13) . The ciliated cells of the oviduct are lacking in GLUT1, whose immunoreactivity is restricted to the basolateral membrane of grouped non-ciliated cells (82) . Zygotes and early embryos utilize lactate and pyruvate before implantation, while glucose is a major energy source from the blastocyst stage onwards (74, 138) . In the uterus, both epithelial cells facing the lumen of the uterus and uterine gland cells express MCT1 but not MCT4 along their basolateral membrane. The expression of MCT1 corresponds to the intense expression of LDH-A in the uterine epithelium, suggesting that these epithelial cells are the main source of lactate production. In the human and rodent placenta, arborized villi or complex labyrinths derived from the fetal tissues directly contact the maternal blood. Continuous cell layers of syncytiotrophoblasts cover the placental villi along the entire length, forming an epithelial barrier together with the intravillous vascular wall against the maternal immune system (the blood-placental barrier). Therefore, transport systems for nutrients are indispensable on the barrier, like the blood-brain barrier. The syncytiotrophoblasts in humans and rodents are provided with GLUT1 in both the apical microvillous membrane facing the maternal blood and the basal plasma membrane facing the fetal circulation (129, 139) . Among MCT members, MCT1 is predominant, and significant expressions of MCT4, MCT9, MCT10, and MCT12 could be detected by our in situ hybridization analysis in the mouse (100). Furthermore, Northern blot and quantitative PCR analyses have demonstrated significant mRNA expressions of MCT1, MCT4-6, MCT8, and MCT10 (TAT-1) in the human placenta. The placenta is another organ with multiple expressions of MCT members comparable to the intestine (44) and kidney (159) . Noteworthily, the subcellular localization of MCT1 and MCT4 is differentiated on the maternal or fetal sides of the trophoblast in the mouse, suggesting the transport of monocarboxylates from the maternal side to the fetal side (86) . This placental MCT expression might play a key role in the transfer of lactate and ketone bodies from the maternal circulation and ensure a proper substrate supply for embryonic development. However, the human placenta displays the reverse topology of two transporters: MCT1 and MCT4 are arranged respectively to the basal plasma and the apical plasma membrane facing the maternal blood (100) . Although the reverse arrangement of these two MCTs between humans and mice remains unknown, it may be important when considering the direction of transport as well as the functional significance of MCTs.
The skin including sebaceous gland and mammary gland
The epidermis of the skin intensely expresses MCT1 along the basal layer, where GLUT1 with a sufficient expression is also provided. The cellular localization along the entire length of the plasma membrane is common between the two transporters. These transporters must supply nutrients derived from the circulation for cell division and proliferation in the epidermis, a representative tissue consistently renewing itself (144) . Acetate, lactate, and other monocarboxylates can serve as materials for lipogenesis via acetyl-CoA. In an immunohistochemical survey of MCTs, we found an intense expression of MCT1 in the mammary gland and sebaceous gland (143) . The mammary gland is a modified sweat gland whose secretion contains lipid as a major component: the total lipid contents are evaluated at 10-22% in rodents. Milk contains medium-chain fatty acids which occupy 20-50% and are synthesized in mammary gland cells using glucose and monocarboxylates-mainly acetate-as materials. Secretory portions of mammary glands are simply composed of one type of secretory cell and intensely express MCT1 at the basolateral cell membrane (Fig. 5e) . The expression intensity of MCT1 at the mRNA level is closely related to the lactating activity, with the highest expression during active lactation (143) . Acetyl-CoA carboxylase-1 is abundant in lipogenic tissues and regulates the de novo synthesis of long-chain fatty acids. An extremely intense mRNA expression of this enzyme is found in the mammary gland. The selective expression of MCT1 with a higher activity of acetyl-CoA carboxylase-1 in the mammary glands suggests the involvement of MCT1 in lipogenesis, at least in the synthesis of medium-chain and longchain fatty acids. Kirat and Kato (76) have detected expressions of MCT1, MCT2, MCT4, and MCT8 by immunoblotting and RT-PCR in the mammary gland of cows; MCT1 and MCT2 have been described as localized at the basolateral membrane of alveolar epithelial cells with the expression of MCT4 at the apical side. Unfortunately, immunostaining of CD147 in cows failed to confirm the cellular localization of MCTs (76) . Our in situ hybridization analysis in the murine mammary gland could not detect any significant mRNA expression of MCT2 or MCT4. Hair-associated sebaceous glands and free sebaceous glands including meibomian and preputial glands exhibit an intense labeling for MCT1 immunoreactivity along the entire length of the plasma membrane of alveolar cells (143) (Fig. 5f ). The sebaceous gland cells gradually fill with lipid droplets and secrete the products in a holocrine manner. According to the degeneration process, the MCT1 immunoreactivity on the cell membrane decreases in intensity and finally disappears. The active lipogenesis in the holocrine cells indicates the simple role of MCTs in the uptake of monocarboxylates for production of the oily secretions.
Lymphoid tissues and blood cells
The expression of MCTs in the lymphoid organs and immune systems is largely unknown. A study by our research group has reported a selective immunoreactivity of MCT1 in reticular cells in both medullary sinuses and marginal (subcapsular) sinuses of the murine mesenteric lymph node (162) . When exogenous particles were injected via Peyer's patches, the MCT1-positive sinus reticular cells of the mesenteric lymph node actively ingested carboxylate-modified fluorescent latex particles of 20 nm in size (124) . The uptake activity of the reticular cells was slight against non-modified exogenous particles, such as carbon particles, under normal conditions. The difference between carboxy-modified particles and non-modified carbon particles may be partially due to the affinity of MCT1 to the carboxy moiety. This function may be important for the uptake of waste products and pathogens, both frequently possessing carboxyl terminals in the molecule. Among the several functions of CD147 is the stimulation of hyaluronan synthesis (92) . CD147 has been shown to interact with the hyaluronan receptors, LYVE-1 (119) and CD44. Co-localization of LYVE-1 with MCT1 (but not CD147) is seen in the reticular cells in the lymph node of mice (162) , suggesting a novel role for MCTs in the elimination of virus particles and other microorganisms. Before the molecular cloning and identification of MCT molecules, Pool and Halestrap succeeded in the identification of a lactate transporter in rat, rabbit, and guinea pig erythrocytes (116, 117) . The MCT1 is present in human serum and is considered to function in buffering or carrying the lactate in the circulation, although the source remains unknown (65) . Only MCT1 is present in erythrocytes (30); immunohistochemically, red blood cells are immunolabeled for MCT1 under normal conditions. The MCT1 antibody more intensely labels the plasma membrane of immature red blood cells containing a nucleus, as seen in the bone marrow and placenta of the mouse. It is noteworthy that the bone marrow displays an intense expression of MCT1, in contrast to a faint expression of GLUTs (144) . The plasma membrane of hematopoietic cells, mainly erythrocytic progenitor cells, is selectively immunolabeled for MCT1 in the murine bone marrow (144) . Sustained exercise releases a great amount of lactate into the blood to induce a lactate influx from the plasma to erythrocytes (133) . Training is known to elevate MCT1 concentration of skeletal muscle and heart depending on the intensity of training (3, 113) . The MCT1 concentration in erythrocytes of the rat has been reported to increase by about 30% by daily swimming for one hour (5 days/week) (2) . Three subtypes of MCTs-MCT1, MCT2, and MCT4-are detected in all types of leukocytes (granulocytes, lymphocytes, and monocytes) in human blood (95) . MCT4 is the only MCT expressed in human white blood cells, which are also highly glycolytic lactate exporters (158) . Research for low molecular-weight compounds with immunosuppressive activities has found new drugs effective for the graft-versus-host (GVH) response. Interestingly, the new compounds are found to bind MCT1 as the receptor and effector (104) . In the lymphoid organs, immunostaining of the thymus demonstrates an intense reactivity for MCT1 only in the cortex; the medulla is largely free from immunolabeling (Fig. 6d) . Further studies are required for the identification of MCT-expressing lymphocytes and their distribution in hematopoietic and lymphoid tissues.
Other tissues: the lung, mesothelium, endocrine organs, and tumor cells The lung displays an intense immunoreactivity for MCT1 in the tracheal and bronchiolar epithelium up to the terminal of the airway with basolateral labeling and possibly in type II alveolar epithelial cells (our unpublished data). A moderately intense immunoreactivity for MCT4 is also found in the basolateral membrane of tracheal/bronchiolar epithelia, being co-localized with MCT1. The mesothelium, such as the peritoneal cavity on both the visceral and parietal sides, shows an intense immunoreactivity for MCT1 along the basolateral membrane. Most endocrine organs are devoid of MCTs. Besides some endocrine cells in the stomach, the adrenal gland of mouse and cattle contains a distinct immunoreactivity for MCT1 in the plasma membrane of the zona glomerulosa (77; and our unpublished data). A similar membrane-bound localization of MCTs is reported to be found for MCT2 and MCT4 only in the adrenal gland of cattle (77) . Cancer cells produce large amounts of lactate regardless of the availability of oxgen; hence, their metabolism is often referred to as "aerobic glycolysis" (153) . This aerobic glycolysis supports mitochondrial oxidative phosphorylation and supplies lactate to adjacent cells which express MCT1 for uptake (29). Most cancer cell lines express MCT1 more intensely than GLUTs. Eleven human lung cancer cell lines examined have expressed MCT1 and MCT4, and a knockdown of these MCTs significantly has reduced the migration of cancer cells (68) . Our preliminary examination of human tumor tissues also indicated that most tumors express MCT1 rather than GLUT1. Interestingly, CD147 is highly enriched on the surfaces of most malignant cancer cell types, whereas the expression in normal tissues is usually low (88, 122) .
Conclusion
It is worth noting that MCTs display a broader distribution than GLUTs, suggesting that monocarboxylates are more fundamental energy substrates than glucose. This is likely related to the predominant expression of MCTs in the fetus and tumor cell lines. The production of monocarboxylates does not need oxygen; therefore, they may be evolutionally older (more primitive) energy substrates than glucose since the concentration of O 2 in the atmosphere might have been low in ancient times. Although glycolysis is not considered to be effective for the production of ATP, the speed of the reaction is much higher than with the use of the TCA cycle. Finally, the cellular localization of MCTs is important for considering the metabolism and utility of monocarboxylates as well as for elucidation of metabolic pathogenesis and the development of drugs. 
